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Small amounts of nitrogen were injected into type 
304L austenitic stainless steel weld metal. This was 
accomplished by using an Ar~N2 shield gas mixture in 
combination with a controlled Argon atmosphere on 
autogeneous Gas Tungsten Arc (GTA) welds. Weld metal 
nitrogen as a function of nitrogen shield gas content 
and applied pressure was examined. Nitrogen shield gas 
contents above four per cent were found to have a major 
effect on the weld metal microstructure. The base 
metal nitrogen did not influence the nitrogen 
solubility reaction or solidification behavior during 
welding. For Type 304L austenitic stainless steel, a 




TABLE OF CONTENTS Page
SUBMITTAL LETTER ii
ABSTRACT iii
TABLE OF CONTENTS iv
LIST OF FIGURES V











RESULTS AND DISCUSSION 30
Weld Metal Nitrogen Chemistries 30
Delta Ferrite 39
Solidification Microstructure 45













LIST OF FIGURES Page
Cr - Fe - Ni Ternary 
Solidus Diagram (45). For 
proeutectic ferrite 
solidification, the alloy 
composition must lie in the 
iron-chromium rich phase 
field. This field is
signfied by the shaded area. 5
The Schaeffler diagram is a 
psuedo stainless steel 
phase diagram showing phase 
fields as a function of 
alloy composition. The X-Y 
axes are defined in terms 
of chromium and nickel
equivalence (54). 8
The Delong diagram is a 
modified Schaeffler diagram 
which allows for a more 
quantitative prediction of 
delta ferrite in stainless 
steel weld metal. The 
major modification is the 
addition of a nitrogen 
coefficient of 30 to the 
nickel equivalence addition
equation (55) . 9
Austenite - Ferrite Phase 
Stability as a Function of 
Nitrogen. Iron. Chromium
and Nickel Content. I1
Flow diagram illustrating 
processing of 44.5mm 304L 
VAR stainless steel plate
into testing coupons. 17









A schematic diagram 
illustrating the major 
components of the welding 
apparatus used.
The internal chamber 
mechanisms were composed of 
a linear drive table and a 
vertical indexer with the 
GTA torch attached to the 
indexer.
Stainless steel weld metal 
nitrogen content as a 
function of nitrogen 
partial pressure for GTA 
welds made at 1. 3, and 5 
bar pressure.
Comparison of stainless 
steel weld metal nitrogen 
content as a function of 
nitrogen partial pressure 
determined by four 
investigators.
Nitrogen gas content in 
weld metal as a function of 
N 2 gas content in 
shielding Argon gas (51).
Stainless steel weld metal 
nitrogen content as a 
function of the square root 
of nitrogen partial 
pressure for GTA welds made 
at 1. 3. and 5 bar pressure
Stainless steel normalized 
weld metal nitrogen content 
squared as a function of 
nitrogen partial pressure. 
The slope indicates an 
effective equilibrium 
constant. Since all data 
has been normalized, all 
investigators have a data 

















Ferrite number as a 
function of weld metal 
nitrogen content.
Ferrite number as a 
function of normalized weld 
metal nitrogen content.
Nickel equivalent as a 
function of weld metal 
nitrogen content.
Variation in stainless 
steel weld metal 
microstructure across a 
Ar-4.5%N2 shielding gas 
w e l d .
Isopleth (52% Fe) section 
of the Fe-Cr-Ni ternary 
phase equilibrium diagram 
as a function of nickel 
equivalent (nitrogen 
content).
Electron microprobe traces 
indicating Mn, Mi. and Cr 
segregation for a) an Ar 

















Nitrogen Coefficients for 
Ni Equivalent Equation.
Type 304L Stainless Steel 
Base Metal Chemistry. 
(Weight Percent).
Gas Spectrometer Analysis 












I am indebt to many people whom I shall 
Any omission is accidental and is regretted.
name
For financial support, I acknowledge the United 
States Department of Energy and the management and 
staff of Rockwell International, Rocky Flats Plant.
For equipment and laboratory support at Rocky 
Flats. I'm indebt to the following:
Joining R&D
Eldin Webb. Ross Sakaguchi. Ernie Marino. 
Clyde Rice. Ralph Stephens, and Gary Mosler
Physical Metallurgy R&D 
Jim Capes. Virgil Grotzsky. Pat Kneal 


















support and guidence of my 
Dixon and Dave Matlock. A 
for the years of patience
Last but not least. I am thankful to my parents 




Small amounts of nitrogen in austenitic stainless 
steels have been known to alter microstructural 
sensitive properties. Early investigators studied 
nitrogen as a solid solution strengthener and as a 
potential substitute for a certain amount of nickel in 
the austenitic stainless steels (1-7). Subsequent 
research has studied the nitrogen effect on mechanical 
properties, corrosion resistance and the delta 
ferrite-austenite duplex microstructure.
Literature Overview
Increased nitrogen content in wrought 18Cr-8Ni 
austenitic stainless steels has been reported to 
increase both yield and tensile strength (8). It was 
determined that nitrogen acted as a solid solution 
strengthener similar to carbon; however, the nitrogen 
strengthening effect was temperature dependent. At an 
ambient service temperature, a nitrogen concentration 
between 0.10 and 0.16 weight percent was found to 
produce optimum strength in wrought 18Cr-8Ni stainless 
steel (9). At a temperature of 150°C. nitrogen also 
increased the yield and tensile strength (10).
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However, above 700°C, nitrogen strengthening was a 
short lived phenomena, due to nitride formation.
Nitride formation decreased the amount of nitrogen in 
solid solution causing a corresponding decrease in 
yield strength (11,12).
Nitrogen strengthening of Type 316 austenitic 
stainless steel weld metal has also been investigated.
A 9 ksi increase in weld metal yield strength for each 
0.01 weight percent increment of weld metal nitrogen 
was found (13). Porosity was reported above a shield 
gas nitrogen concentration of 15 volume percent (13).
The influence of nitrogen in the range of 0.040 to
0.290 weight percent on intergranular and pitting 
corrosion of 18Cr-8Ni austenitic stainless steel was 
studied (8.9). Early work found no increased tendency 
of intergranular corrosion with increased nitrogen 
contents (8). More recent work has found that nitrogen 
retards carbide formation in heat treated wrought 
stainless steel, thereby improving sensitization 
resistance (9). The heat affected zone of a high 
nitrogen (0.20 weight percent nitrogen) austenitic 
stainless steel weld has been found not to be 
sensitized (14). With respect to pitting, increased 
nitrogen content increased pitting resistance (15).
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Pitting was observed to initiate at the 
ferrite-austenite interface. Nitrogen decreased the 
ferrite content, causing lower interfacial area, thus 
decreasing pitting initiation sites (16). Increased 
nitrogen content increased stress corrosion cracking 
susceptibility of austenitic stainless steel weld metal 
(17-19).
Solidification of austenitic stainless steel 
commonly results in a duplex microstructure of delta 
ferrite and austenite (20-28). Small nitrogen 
variations alter the delta ferrite in weld metal 
microstructures (17,29-32). These nitrogen variations 
affect weld metal integrity through the delta ferrite 
because the amount, morphology and distribution effect 
the mechanical properties and cracking susceptibility.
Delta ferrite amount, morphology and distribution 
required to produce optimal weld strength in Type 300 
series austenitic stainless steels was determined to be 
service temperature dependent (33-37). Delta ferrite 
has a ductile to brittle transition temperature 
(33,34), therefore, a weld metal microstructure 
containing low ferrite content with a noncontinuous 
network is desired to limit the brittle crack 
propagation. Less than eightvolume percent delta 
ferrite is required to insure a noncontinuous network.
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At room temperature, austenitic stainless steel 
tensile strength is greater with a duplex structure. 
There is a specific volume percent of delta ferrite, 
for each type of austenitic stainless steel, which 
yields optimum strength.
At high temperatures, delta ferrite transforms to 
the brittle sigma phase (35.36), thus requiring control 
of the ferrite content. For Type 316 austenitic 
stainless steel, five volume percent delta ferrite 
provides a noncontinuous network and optimum high 
temperature creep strength (37).
Hot cracking susceptibility of austenitic 
stainless steels is reduced with a duplex 
microstructure (38-44). Investigators contend that 
three to ten volume percent delta ferrite is required 
to reduce hot cracking susceptibility. However, 
ferrite is not a sufficient condition to prevent hot 
cracking. Recent investigations determine that a 
primary ferrite solidification mode is also necessary 
(26,27). To insure primary ferrite solidification, 
alloy composition must lie on the effective chromium 
rich side of the liquidus projection line on the 
Fe-Cr-Ni phase diagram as shown in Figure 1 (45).
Investigators have empirically described the
Fe 10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  Ni
Weight Percentage Nickel
Figure 1. Cr - Fe - Ni Ternary Solidus Diagram (45). For 
proeutectic ferrite solidification, the alloy 
composition must lie in the iron-chromium rich 
phase field. This field is signified by the 
shaded area.
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austentizing and ferritizing strength of specific 
alloying elements with respect to nickel and chromium. 
(25, 46-52). This is the concept of equivalence, where 
an alloy element is given a weighting factor (or 
coefficient) which is determined by empirical methods. 
The nitrogen coefficient is compared to nickel as an 
austenitizer. The Stainless Steel Handbook has 
compiled a selected list of nitrogen coefficients.
These coefficients are shown in Table I. Table I also 
includes coefficients determined for experimental 
castings and welds. The nitrogen coefficient ranges 
from 11 to 30 and Schaefer has included a linear 
equation for the nitrogen coefficient as a function of 
nitrogen concentration.
Further attempts of phase characterization as a 
function of chemical composition were accomplished by 
Schaeffler (53) and DeLong (54). These investigators 
developed psuedo-phase diagrams, in which, the phase 
fields were determined as a function of both chromium 
and nickel equivalents. The Schaeffler and DeLong 
diagrams are shown in Figures 2 and Figure 3. 
respectively. The major differences between the 
Schaeffler and Delong diagrams were that the Delong 
diagram defined a finite phase field and the Delong
T-2388
TABLE I - Nitrogen Coefficients for Ni Equivalents (45)
Avery (46)
(Cast Heat Resistant Alloy) 11
Ferree (46) 30
Delong (54)
(Stainless Steel Welds) 30
Guiraldeng (46)
(Castings) 20
Potak and Saglevich (46)
(Castings) 27
Hull (47)
(High Mn Stainless Steel) 18.4
Schoefer (46) 26 (N-0.02)
Suutata (52) 14.2
Melkunov and Topilin (57) 20.0
Znitnikov and Zaks (55)
(Cast 20Cn-12Ni-Nb-V) 26
(Weld Metal 20Cr-HNi-2Mo-V) 22
(Weld Metal 20Cr-9Ni-Nb) 22
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CHROMIUM EQUIVALENT = %Cr + %Mo + 1.5 x %Si + 0.5 x %Cb
Figure 2. The Schaeffler diagram is a psuedo stainless 
steel phase diagram showing phase fields as 
a function of alloy composition. The X-Y axes 




































CHROMIUM EQUIVALENT * %Cr + %Mo +1.5 x % SI + 0.5 x %Cb
Figure 3. The Delong diagram is a modified Schaeffler 
diagram which allows for a more quantitative 
prediction of delta ferrite in stainless steel 
weld metal. The major modification is the 
nickel equivalence addition equation (55).
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nickel equivalent equation included a nitrogen term 
with a coefficient of 30.
Additional phase stability work has been done by 
Colombier et. al. (47). Figure 4 shows the Colombier 
Pseudo phase diagram for austenite-ferrite phase 
stability. The phase diagram is a function of alloy 
composition, nitrogen, iron, chromium and nickel. The 
phase diagram shows that the austenite phase field 
increases with increasing nitrogen content, regardless 
of alloy composition.
Two recent investigations into the nitrogen
coefficient determination have been done by N.P.
Zhitnikov et al. and N.M. Novozhilov, et al. (55, 56).
Zhitnikov determined the nitrogen coefficient for cast
20 Cr-11 Ni-2 Mo-V and 20 Cr-9 Ni-Nb weld metal. The
nitrogen coefficient variation was explained by the
amount and presence of the other alloying elements; Nb,
V, Mo and Mn. These elements affect the nitrogen
solubility in austenite and tend to form complex
carbonitrides and nitrides. Zhitnikov also examined
the Schaeffler and Delong Diagrams. He found good
correlation between calculated and measure ferrite
values but only for specific nitrogen contents. The 
*



















Figure 4. Austenite - Ferrite Phase Stability as a function 
of nitrogen, iron, chromium and nickel content.
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containing the finite range of nitrogen, 0.06-0.075% 
nitrogen. The Delong diagram accuracy was limited to 
nitrogen contents than 0.07%.
On the otherhand, N.M. Novozhilov, et al. (56) 
determined a nitrogen coefficient varying from 8 to 
45. For steels of Type Cr18-Nil2-Mn2-Ti. the 
investigation showed the nitrogen coefficient varying 
from 8 to 26 as the nitrogen content varied from 0.018 
to 0.2-0.25%. Therefore, Novozhicov concluded that 
different alloy composition drastically affect the 
nitrogen coefficients and it is not recommended that 
the coefficients be averaged out for different types of 
steels.
The weld metal nitrogen content of austenitic 
stainless steel was found to be a function of the 
welding parameters (49). At constant current, an 
increase in the potential by 10 volts can increase the 
weld metal nitrogen content by 0.10% nitrogen. 
Decreasing the current at constant voltage, the weld 
metal nitrogen content was also found to increase. 
Kotecki (30), studying open arc weld deposits made with 
self shielded flux-cored stainless steel wire, found 
similar welding parameter dependency and developed 
thefollowing expression to estimate the weld metal 
nitrogen content:
T-2388 13
%N = 0.016V - 0.00051 - 0.040S + 0.138 Eqn. 1
where V, I and S are the voltage, current and electrode 
stickout, respectively. Increasing the voltage and/or 
decreasing the current promotes a larger arc gap and 
larger weld pool width, thus allowing the gas-metal 
reactions to proceed further as suggested in Equation
1. The role of the electrode stickout is not obvious. 
The dependency on welding parameters may make it 
difficult to compare the reported nitrogen contents of 
the various investigators.
Problem Statement
The nitrogen effects of austenitizing and solution 
strengthening in austenitic stainless steels are known 
to a limited extent. However, the nitrogen 
interactions within a weldment have been 
contradictory. The nonequilibrium weldment 
interactions that are of concern are ferrite formation, 
solidification microstructure, weld metal nitrogen 
concentration and nitrogen austenitizing power in terms 
of nickel equivalence. Very little is known about the 
nitrogen effect, when, low nitrogen weld concentrations
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are encountered. The above interactions are addressed 
in this research.
Ob iective
This investigation was concerned with 
quantitatively determining the influence of nitrogen in 
a GTA shield gas on austenitic Type 304L stainless 
steel weld metal. Particular emphasis was placed on 




Autogeneous gas tungsten arc welds were made on 
the surface of Type 304L vacuum arc remelted (304L VAR) 
stainless steel plate specimens. The stainless steel 
composition is shown in Table II. The original 
material was 44.5 mm x 609.6 mm x 609.6 mm (1 3/4 in x 
2 ft. x 2 ft) stainless steel plate. This material was 
processed as outlined in Figure 5 to a final specimen 
size of 228.6 mm x 76.2 mm x 12.7 mm (9 in. x 3 in. x 
1/2 in) . Figure 6 shows a sketch of the test 
specimen. The top and bottom specimen faces were 
machined parallel and flat before welding. The purpose 
of machining was to prevent arc length variation due to 
specimen surface variations. One inch from the 
specimen end. a hole was drilled and tapped. This hole 
provided a mounting point for the welder ground. By 
directly mounting the ground to the specimen, the 
electrical path between electrode and ground was 
minimized.
Type 304L VAR stainless steel was choosen for two 
major reasons. First, the AISI 300 series stainless 
steels have been in service for many years. Type 304L 
stainless steel is considered a multipurpose stainless
T-2388 16
TABLE II








Mo < 0 . 2 5
Ni 10.5
P < 0 . 0 4
Si 0.53
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3 0 4 L  VAR 
44.5mm Plate
Rolling Schedule-
4 4 . 5 —  35 .6m m
3 5 . 6 —  28.4mm  
2 8 . 4 — 22.7m m
2 2 . 7 —  I 8.2mm  
I 8 . 2 —  I 5.7mm






2hr, I 0 9 3 ° C
PREHEAT  
2hr I0 9 3 °C
BLANK SPECIMENS  
2 2 8 .6  x 7 6 .2 x |2 .7 m m
MACHINE SURFACES  
Flat 8t Parallel
COLD ROLL 
Single Pass to 
12.7mm
Figure 5. Flow diagram illustrating processing of 44.
304L VAR stainless steel plate into testing 
coupons.
T-2388 18
Orill and Tap 3 /8  UNC
-  All Dimensions in mm
-  Material8 304L  VAR 
'Machine Top/Bottom
Faces Flat 8  Parallel
*t :
----------------------------------2 2 8 .6 ---------------------------
-  2 5 .4 -
s !i
-------— 7(
-3 8 .1  — 
>.2------- -
SCALE 1 = 2.7
Figure 6. Final specimen configuration.
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steel with uses in food, manufacturing, chemical 
andnuclear industries. Second, this material provided 
both low carbon and low nitrogen content. A material 
with low carbon and nitrogen content was desired to 
minimize interactions with the nitrogen added through 
the shield g a s .
Table III shows a gas spectrometry analysis of the 
shield gases used. Both shield gases (argon and 
nitrogen) contained minimum impurities. Table IV shows 
the argon composition used to fill the weld chamber.
Welding Aperatus
The welding apparatus consisted of a welding 
chamber, welding power supply, shield gas mixer, linear 
drive table and a vertical positioner (Refer to Figure 
7) .
The welding chamber was a custom built capsule 
measuring approximately 0.91 meters (3 ft.) inner 
diameter by 2.43 meters (8 ft.) maximum inner length. 
The maximum usable pressure ranges was ten microns to 
6.8 bar absolute. The chamber could be evacuated by a 
mechanical roughing vacuum pump and pressured with any 
gas by use of a gas manifold.
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TABLE III
Gas Spectrometer Analysis of Stock Shield Gases
Element Argon (ppm) Nitrogen (ppm)
N 2 98 balance
Ar balance 12
C02 < 1 < 1
°2 < 19 < 2
CO < 1 < 1
H 2 < 1 < 3
Hydrocarbons < 20 < 20
T-2388 21
TABLE IV 






H 2 <20 ppm
H 20 <10 ppm









SHIELD GAS WELDING CHAMBER
Figure 7. A schematic diagram illustrating the major 
components of the welding apparatus used.
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The welding power supply was a 300 Ampere Vickers 
DC power supply with a high frequency arc start. The 
gas tungsten arc torch was a commercial Linde HW-20 
water cooled torch (Note: Linde is the registered
trade name of Union Carbide Gas Division). The shield 
gas for the GTA torch was controlled by Matheson 
Rotameters (gas mixer). Flow rates for each gas. N 2 
and A r . were calibrated against NBS standards.
The internal chamber mechanisms (Figure 8) were 
composed of a linear travel table and vertical indexer 
with the GTA torch attached to the indexer. The linear 
travel table was capable of unidirectionally moving the 
weld specimen a maximum speed of ten inches per
minute. The vertical indexer was capable of setting
-2 -4 .arc length within 1.27 x 10 mm (5.0 x 10 inches)
of the desired length. Both the linear travel table
and vertical indexer insured consistent welding runs
between experiments.
Experimental Technique
The activity of nitrogen in the shielding gas was 
changed systematically by varying the shield gas 
(Ar-N2 ) composition while the environment was changed 
by the applied argon pressure during gas tungsten arc
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Figure 8. The welding chamber internal mechanisms
pictured are composed of a linear drive table 
and a vertical indexer with the GTA torch 
attached to the indexer.
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welding in a pressurized inert gas chamber. The shield 
gas mixture was varied from 0 to 5 volume percent 
nitrogen with the balance argon. The external applied 
argon pressure was varied between 1, and 5 bar 
absolute. The low nitrogen concentration in the shield 
gas mixture was used to inject nitrogen into the weld 
pool. These low concentrations of nitrogen in the 
shield gas mixture simulated the nitrogen concentration 
expected from atmospheric contamination.
The general procedure was as follows:
1. The weld specimen was mounted on the linear drive 
table in the hyperbaric chamber. The welding 
ground was attached to the weld.
2. Welding parameters were set as per Table V.
3. The hyperbaric chamber was sealed and evacuated to 
10 microns. After 30 minutes at 10 microns the 
chamber was backfilled with argon to the desired 
pressure. This procedure minimized nitrogen 
contamination from the environment.
4. The shield gas mixture was set by using a Matheson 
Rotameter as a calibrated gas mixer.
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TABLE V
GTA Welding Parameters Used in This 
Investigation
Torch Type 







Shield Gas Flow Rate
Linde HW-20 
No. 8
2% thoriated tungsten 
electrode
3.175 mm (1/8 inch) 
1.79 mm (0.070 inches) 
175 amps 
DCSP
1.69 mm/sec (4 ipra) 
0.1651/sec (21 cfh)
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5. The weld sequence was started. An unidirectional 
bead on plate weld was made on Type 304L VAR 
stainless steel plate.
6. At the end of the weld, a 500 ml gas sample was 
taken of the shield gas mixture for analysis.
7. The weld specimen was removed and sectioned of 
analysis.
Experiment Analysis
Selected specimens were chemically analyzed, 
metallographically examined and examined with a 
microprobe.
Two types of chemical compositions were 
determined, shield gas composition and weld metal 
composition. The shield gas was analyzed for argon, 
nitrogen and oxygen content. This was done by obtaining 
a 500 ml gas specimen from the shield gas. The gas 
specimen was analyzed by a gas spectrometer which was 
calibrated for the approximate gas sample range. Weld 
metal compositions of carbon, oxygen and nitrogen were 
obtained from small solid coupons cut from the weld. 
These coupons were cut by a high speed water cooled
T-2388
abrasive wheel. The resulting coupons were analyzed by 
a Leco Interstitial Analyzer. The Leco Analyzer 
vaporized the metal and analyzed the vapor with a gas 
spectrometer for carbon, nitrogen and oxygen.
The weld specimens were optically examined. 
Standard grinding and polishing techniques were used. 
Two etches were utilized, a 10% oxylic acid electroetch 
and a color etch. The color etch consisted of 10 grams 
potassium metabisulfite. 60 gm ammonium bifluoride, 5 
ml hydrochloric acid and 200 ml distilled water. The 
oxylic acid etch was used to observe the nature of the 
delta ferrite-austenite duplex microstructure. The 
color etch was utilized to enhance solidification 
segregation of the chromium and nickel. The color etch 
deposits a sulfide layer upon the sample; such that, a 
particular layer thickness has a particular color.
This layer varies in thickness as a function of 
chemical composition. Therefore, the sulfide layer 
will appear a different color for chemical variations.
In addition to optical examination, the selected 
sample was examined using Forrester Ferrite Meter and 
Cameca Microprobe. The Forrester Ferrite Meter was 
calibrated against a ferrite standard. It was used 
because its probe was small enough to determine ferrite
T-2388
content in the weld metal. The weld specimen was 
measured in twenty locations and the average is 
reported. The Cameca Microprobe with a Tracor Northern 
detector was used to examine selected weld areas. This 
instrument was capable of quantitatively analyzing a 
one micron diameter spot, 10,000 Angstrom deep in the 
metal. Selected weld specimens were analyzed for 
chromium, nickel and iron. The objective was to 
quantitatively determine chromium/nickel segregation in 
the duplex weld metal microstructure.
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RESULTS AND DISCUSSION
Weld Metal Nitrogen Compositions
Weld metal nitrogen concentration was measured as 
a function of the partial pressure of N 2 in the argon 
shielding gas and is illustrated in Figure 9 for three 
different argon environmental pressures. The weld 
metal nitrogen content has an apparent parabolic 
relationship for low concentrations of N 2 in the 
torch gas and one bar enviornmental pressures. The 
results of other investigators (31.32.38) are plotted 
for comparison in Figure 10. These different curves 
are for GTA autogeneous weldments of similar chromium 
and nickel content. The curves all have similar 
parabolic shapes with the final nitrogen content 
influenced by base metal nitrogen content. Apparently, 
the base metal nitrogen content is in a form which does 
not take part in the gas solubility reaction during 
welding. This observation develops from the fact that 
the weld metal nitrogen content is the same as the 
original base metal when a pure argon shield gas is 
used. One normally expects nitrogen to be very mobile 
and thus change by welding. The base metal nitrogen 
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Figure 9. Stainless steel weld metal nitrogen content as a 
function of nitrogen partial pressure for GTA 
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Figure 10. Comparison of stainless steel weld metal
nitrogen content as a function of nitrogen 
partial pressure determined by four 
investigators.
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investigated by Cieslak et al. (38). Cieslak reported 
a base metal concentration of 0.06 wt% nitrogen. 
Additionally, the results of Arata et al. (31) plotted 
on Figure 11. also indicated that the total weld metal 
nitrogen content is the sura of the residual nitrogen 
content of the base metal and the nitrogen picked up 
from the shield gas-metal interaction.
The weld metal nitrogen content was found to 
follow Sievert's Law for welds made at the three 
pressures studied in this investigation, as seen in 
Figure 12. The data plotted in the form of nitrogen 
concentration as a function of the square root of the 
shield gas nitrogen partial pressure yields straight 
line plots. The curves for various environmental 
pressures exhibit the same slope over most of the 
range. Assuming temperature dependent solubility, this 
implies that the weld metal nitrogen was frozen in at 
the same effective reaction temperature in the welding 
thermal cycle for all externally applied pressures. 
Using the law of mass action, where [N] is weld metal 
nitrogen content. PN is the partial pressure of 
nitrogen in the shield gas and K is the temperature 
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Figure 11. Nitrogen gas content in weld metal as a 
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Figure 12. Stainless steel weld metal nitrogen content as 
a function of the square root of nitrogen 
partial pressure for GTA welds made at 1, 3, 
and 5 bar pressure.
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K = ™ !  Eqn. 2
K P
2
The value of K is known to have very weak applied 
pressure dependence and can be assumed for thiscase 
to be independent of the applied pressure.
Since the base metal nitrogen content 
apparently does not enter the gas-metal equilibrium 
during welding, the weld metal nitrogen 
concentration data shown in Figure 10 was 
normalized by subtracting the base metal nitrogen 
concentration from the measured weld metal nitrogen 
concentration. Using the normalized weld metal 
nitrogen concentrations. Figure 13 is a plot of 
normalized nitrogen concentrations squared as a 
function of nitrogen shield gas partial pressure 
for welds made at one atmosphere of argon 
pressure. Also shown is the high pressure data for 
comparison. As seen in Figure 13. all of the one 
atomosphere data (with one exception) fall in a 
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Figure 13. Stainless steel normalized weld metal nitrogen 
content squared as a function of nitrogen 
partial pressure. The slope indicates an 
effective equilibrium constant. Since all data 
has been normalized, all investigators have a 
data point at the origin.
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From Equation 2 the slope of the curve in 
Figure 13 is the equilibrium constant for the 
gas-metal reaction. Figure 13 shows two distinct 
equilibrium constants for the one atmosphere data. 
At low partial pressures the slope of the curve is 
larger than at higher partial pressures. This 
suggests that the lower partial pressure produces a 
higher reaction temperature for the nitrogen 
solubility. Similar deviations have been reported 
for weld metal hydrogen in hyperbaric welds (51). 
Apparently, increasing the nitrogen content to the 
welding arc reduces the reaction temperature of the 
welding arc plasma.
This change in effective equilibrium constant 
was not observed for the welds made at the higher 
applied pressures. The three and five bar results 
had the same slope as the higher partial pressure 
data from the one bar experiments. Increasing the 
applied pressure is known to increase the plasma 
density for a constant current (59.60). Thus, it 
would be expected that the effective nitrogen 
concentration in the higher pressure plasma is 
greater than that in the one atmosphere plasma for 
the same nitrogen partial pressure (which was
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calculated from knowledge of the composition of the 
shielding gas). Additionally, nitrogen has a lower 
ionization potential than argon (61); therefore, 
the arc at the lower nitrogen concentration may be 
controlled by the influence of argon while at 
higher nitrogen concentrations (caused by either 
increasing the nitrogen partial pressure or 
theapplied pressure) it may be controlled by the 
influence of nitrogen. A nitrogen controlled arc 
would be expected to be cooler than an argon 
controlled arc. Hence the slope change indicates 
the transition from an argon to nitrogen controlled 
a r c .
Delta Ferrite
The nitrogen influence on delta ferrite 
content was determined by making autogeneous GTA 
welds. Autogeneous welds kept the nickel and 
chromium concentrations constant with the only 
variable being nitrogen injected into the weld 
metal from the shield gas. The delta ferrite 
content was measured as a function of weld metal 
nitrogen concentration and is shown in Figure 14. 
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Figure 14. Ferrite number as a function of weld metal 
nitrogen content.
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a significant decrease in delta ferrite content 
with an increase in weld metal nitrogen.
Figure 15 a replot of Figure 14 data, includes 
the ferrite content measurements of Cieslak et al. 
(38) and Espy (49) as a function of normalized weld 
metal nitrogen content. Normalized weld metal 
nitrogen is the difference between weld metal 
nitrogen and base metal nitrogen. As seen in this 
figure, their data agrees with the results of this 
investigation. Cieslak and Espy data fall within 
the same band. This agreement suggests that the 
ferrite content is not a function of the total weld 
metal nitrogen but only a function of that part 
which is in solution. These findings again suggest 
that the base metal nitrogen is in a form which 
does not influence weld metal solidification 
behavior during the short period of the welding 
c y c l e .
In this investigation, the Delong diagram was 
used as a scale to determine the nickel equivalence 
as a function of ferrite number. The base metal 
composition was used to define a constant chromium 
equivalent line on the Delong diagram. The ferrite 
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Figure 15. Ferrite number as a function of normalized 
weld nitrogen content.
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contents were used to determine a corresponding 
nickel equivalent from the Delong diagram. The 
resulting nickel equivalents are shown in Figure 16 
versus the corresponding weld metal nitrogen 
contents. The slope of the straight line fit of 
the data (Figure 16) is then the nitrogen 
coefficient in the Delong nickel equivalent 
diagram. The nitrogen coefficient was determined 
to be 13.4. This value is considerably lower than 
the value of 30 reported by Delong(54). However, 
the new nitrogen coefficient is closer to the 
values of 14.2, 18.4 and 20 reported by Suutala 
(52), Hull (48) and Mel'kumor and Topilin (57), 
respectively.
Seferian (58) developed an expression for 
predicting the delta ferrite content from nickel 
and chromium equivalent expressions. This 
expression is given as:
% ferrite = 3 [Cr -0.93 Ni -6.7] Eqn. 3eq eq
where the nickel and chromium equivalents are 
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Figure 16. Nickel equivalent as a function of weld metal 
nitrogen content.
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Ni = %Ni + 0.5 (%Mn) + 30 (%C) Eqn. 4eq
Cr = %Cr + %Mo + 1.5 (%Si) + 0 . 5  (%Nb) Eqn. 5 e q
Modifying Eqn. 4 to include the weld metal nitrogen 
concentration and using our determined nitrogen 
coefficient of 13.4 yields a coefficient for 
nitrogen in the Seferian equation of -37.4. This 
coefficient can be found from the slope of delta 
ferrite content as a function of weld metal 
nitrogen concentration (Figure 15). The slope of 
the experimental data shown in Figure 13 is -36.4 
which corresponds very well to the calculated slope 
of -37.4.
Solidification Microstructure
Nitrogen had a marked effect on weld metal 
microstructure for concentrations of 0.086 to 0.105 
weight percent nitrogen. Below 0.086 weight 
percent nitrogen, the weld metal contained 
dendritic ferrite. Above 0.105 weight percent 
nitrogen, the weld metal contained a dendritic 
austenite structure. The austenitic dendrites were 
coarse in structure consisting of primary dendrites 
with retarded secondary arms. Between these two
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bounds, a mixed dendritic ferrite/dendritic 
austenite weld metal microstructure was observed 
and is shown in Figure 17.
The weld bead shown in Figure 17 was made with 
a shield gas composition of 4.5 volume percent 
nitrogen and 95.4+ percent argon. The weld metal 
nitrogen concentration was determined to be 0.101 
weight percent. The color etch showed a striking 
microstructural change across the weld bead. The 
fusion line micrograph shows a duplex 
microstructure of delta ferrite ribs in an 
austenitic matrix. This micrograph the expected 
microstructure of a Type 304L austenitic stainless 
steel weld. The midline micrograph exhibits a 
microstructural change. The dendrites have become 
deformed or "retarded". (Note: This investigator
uses the term "retarded dendrite". This term means 
a dendrite without secondary and ternary arms.
Other investigators refer to this type 
microstructure as cellular or flanged cellular).
The centerline micrograph displays a retarded 
dendrite microstructure.
At the fusion line, proeutectic ferrite 
solidification pattern is seen. In an area between
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the fusion line and center line, a microstructural 
change occurs from ferritic dendrites to retarded 
austenitic dendrites or flanged cell. At the 
centerline, a stabilized microstructure of retarded 
austenite dendrites is seen.
A suggested explanation for the observed 
microstructural change is nitrogen rejection at the 
solidification interface. The solidification 
reaction starts with a proeutectic ferrite mode 
which should reject austenitic stabilizers at the 
solidification front. This solidification mode 
would continue until the liquid was rich in 
austenite stabilizers. At this point, a 
solidification change would occur from proeutectic 
ferrite to proeutectic austenite resulting in a 
corresponding microstructural change.
The resulting change to primary austenite 
would then possess a microstructure that would 
absorb nitrogen and other austenite stabilizing 
elements. It would be expected that this 
rejection-absorption behavior would result in a 
banded structure of primary ferrite, primary 
austenite, and primary ferrite, respectively. 
However, Figure 17 shows no such banding. A
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possible explanation is that the stirring of the 
weld pool is sufficient to cause a high level of 
nitrogen in the remaining liquid weld pool. 
Thenitrogen content would be sufficient enough to 
stabilize the remaining liquid for primary 
austenite solidification.
Increasing the weld metal nitrogen content 
causes two effects. First, increasing nitrogen 
shifts the composition of the weld pool to the 
proeutectic austenite side of the liquidus 
projection line. Figure 18. Second, the 
solidification structure changes from ferritic 
dendrites to austenitic retarded dendrites. The 
weld pool chemical composition change can be 
explained by the classical nonequilibrium 
solidification equation for a constant distribution 
coefficient (62):
c ; = c ty E ^ -  6a. o l
C* = the nitrogen composition of the liquid 
at the solid-liquid interface
C Q = the weld pool nitrogen composition
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NICKEL EQUIVALENT
Figure 18. Isopleth (53% Fe) section of the Fe-Cr-Ni
ternary phase equilibrium diagram as a function 
of nickel equivalent (nitrogen content).
T-2388 51
Ck = distribution coefficient, k = s o o —
L
For proeutectic ferrite solidification, kQ is 
less than one. As the weld pool solidifies in a 
proeutectic ferrite solidification mode, the 
(K — 1 ̂F v o 1 term becomes large with time. The end resultLi
* ( k — 1 }is CT will increase with time as F_ o increases.Lj Li
Thus, nitrogen rejection increases the austenitic 
stability of the weld pool which effectively moves the 
nickel equivalent across the eutectic composition. 
This promotes a change in solidification behavior from 
primary ferrite to primary austenite.
The microstructural behavior appears to be 
consistent with the experimentally determined criteria 
for dendritic-cellular transformation put forward by 
Plaskett and Winegard (63). This criteria states that 
dendritic growth occurs if:
G CL < A _o Eqn. 7
R 1/2 kO
where GL is the thermal gradient in the liquid
ahead of the solidification interface and R is the
solidification rate. Both of these quantities are
assumed constant. In this case, C is the weldo
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metal nitrogen content. kQ is the distribution
coefficient and A is a constant. For proeutectic
austenite solidification. kQ is greater than
one. It becomes apparent from Equation 7 that the
shift from dendritic to retarded dendritic growth
could be expected with increasing nitrogen content
if k increases faster than C . From Equation o o
7. it can be seen that an increase in the ko
value (from a value less than one to a value 
greater than one) may promote a condition which 
reverses the inequality and thus causing a change 
from a dendritic to a cellular microstructure. The 
observed retarded dendrites may be early evidence 
of this transition.
Selected Probe Analysis
Figures 19A and 19B shows microprobe traces 
for the argon shield gas weld and 5% Nitrogen-Argon 
shield gas weld, respectively. Microprobe data is 
shown in Appendix A and B.
The argon weld had only the base metal 
nitrogen concentration. 0.025wt%. and the 5%
N 2-Ar weld contained 0.105wt% nitrogen. Both 

































Figure 19. Electron microprobe traces indicating Mn, Mi,
and Cr segregation for a) an Ar shield weld and 
b) an Ar-5%N2 shield weld.
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weldment. The Ar shielded weld exhibited a 
dendritic ferrite microstructure similar to the 
fusion line micrograph of Figure 17. The 5%N2~Ar 
shielded weld exhibited a microstructure similar to 
Figure 17. Since the probe trace was in the 
center, the microstructure exhibited a deformed 
dendritic structure. The probe was calibrated and 
programmed to analyze for chromium nickel and 
manganese.
Comparing both microprobe traces, it is 
observed that definite chromium peaks exist at 
delta ferrite phases for both traces. However, 
observing the nickel traces, there is a marked 
difference. For the argon shield gas, the nickel 
trace shows definite nickel rejection in the delta 
ferrite phase. For the 5% N 2~Ar shield gas, the 
nickel rejection in the delta ferrite phase is less 
severe with an overall trend of minimum nickel 
segregation. The difference in the two nickel 
curves further supports the micrographic data and 
the conclusion that a change in solidification 
mechanism change has occurred between welds done 
with the Ar shield gas and %5 N 2-Ar shield gas.
A possible interpretation for the two distinct
T-2388
microprobe traces in the solidification mechanism 
change from proeutectic delta ferrite to 
proeutectic austenite. In Figure 19A, the pattern 
of high nickel segregation could be explained by 
proeutectic ferrite solidifying and rejecting 
austenite stabilizing elements into the liquid. 
Where as. Figure 19B shows less nickel segregation 
which could be caused by proeutectic austenite 
solidification. As proeutectic austenite is 
formed, ferritric stabilizers are rejected at the 
liquid interface. The ferrite alloy would continue 
to collect at the interface until a finite area was 
formed capable at nucleating ferrite. The end 
result would still be austenite-ferrite duplex 
structure. However, nickel has a lower tendency to 




Small nitrogen contamination levels, 5% N 2 
and below, to the argon shielding gas will have an 
effect on type 304L stainless steel weld metal 
microstructure and properties. The nitrogen pick 
up by the weld metal from the shielding gas appears 
to be independent of the initial base metal 
nitrogen content. The resulting total weld metal 
nitrogen content is the sum of the nitrogen picked 
up by the gas-metal interaction and the base metal 
nitrogen content.
Two distinct effective equilibrium constants 
(effective reaction temperatures) exist for the 
solubility of weld metal nitrogen for one 
atmosphere applied argon pressure. Higher applied 
pressures, three and five bar. produced weld metal 
nitrogen contents that indicated only one effective 
equilibrium constant which can be related to one of 
the constants determined for 1 atmosphere.
Soluble nitrogen was found to have a major 
influence on the weld metal microstructure, in 
particular the quantity and distribution of delta 
ferrite. The base metal nitrogen is apparently in 
a form which does not influence the weld metal
T-2388
solidification behavior. For type 304L austenitic 
stainless steel, a nitrogen coefficient of 13.4 was 
determined for the nickel equivalent expression 
used to calculate the amount of delta ferrite.
This value is lower than the value, 30, which is 
presently used. The new coefficient is closer to 




1. Nitrogen pick up in the weld metal appears to be
independent of base metal nitrogen content.
2. Two distinct effective equilibrium constants
(effective reaction temperatures) exist for the 
solubility of weld metal nitrogen at one bar 
applied argon pressure.
3. At higher applied pressures, three and five bar. 
only one effective equilibrium constant exists.
4. Soluble nitrogen in the weld pool can change the 
solidification mechanism form a proeutectic 
ferrite to a proeutectic austenite solidification 
m o d e .
5. For Type 304L austenite stainless steel, a 
nitrogen coefficient of 13.4 was determined for 
the nickel equivalent expression.
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APPENDIX A
Microprobe Data for Ar Shield Gas Weld
Distance Cr Ni Mn
Microns wt% wt% wt%
0.0 15.85 11.33 0.89
1.0 15.83 11.35 1.04
2.0 16.38 10.61 1.07
3.0 17.29 8.72 0.99
4.0 16.40 9.65 0.92
5.0 15.51 10.02 0.91
6.0 15.79 9.75 0.85
7.0 17.18 9.17 0.83
8.0 19.51 6.60 0.91
9.0 17.71 9.05 0.93
10.0 17.32 9.47 0.80
11.0 16.43 9.58 0.82
12.0 16.08 10.04 0.80
13.0 15.85 10.23 0.86
14.0 15.81 10.84 1.01
15.0 16.27 11.33 1.04
16.0 16.35 11.83 1.00
17.0 16.63 11.43 1.03
18.0 17.03 10.38 0.90
19.0 18.12 8.11 0.78
20.0 18.34 7.91 0.95
21.0 17.16 9.45 0.98
22.0 16.99 9.54 0.94
23.0 16.69 9.98 0.94
24.0 16.30 10.61 0.93
25.0 ' 17.02 10.32 0.97
26.0 17.52 10.01 0.88
27.0 17.83 8.72 0.88
28.0 17.93 9.22 0.91
29.0 18.73 8.84 0.86
30.0 18.23 8.52 0.94
31.0 16.76 10.35 0.95
32.0 16.07 11.12 0.97
33.0 16.77 11.57 1.07
34.0 16.85 11.47 1.08
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APPENDIX B
Microprobe Data for 5%N2~Ar Shielded Gas Weld
Distance Cr Ni Mn
Microns wt% wt% wt%
0.0 19.56 10.53 1.35
1.0 19.17 10.53 1.27
2.0 19.36 10.58 1.17
3.0 19.61 10.72 1.05
4.0 19.07 10.29 1.04
5.0 18.74 10.38 0.98
6.0 18.46 9.70 0.95
7.0 18.80 9.94 0.85
8.0 17.89 9.95 0.90
9.0 18.53 9.94 0.93
10.0 20.05 10.84 1.32
11.0 21.23 10.86 1.46
12.0 19.80 10.67 1.21
13.0 19.53 10.19 1.12
14.0 18.47 10.04 0.97
15.0 17.74 9.79 0.86
16.0 17.14 9.74 0.72
17.0 16.97 9.57 0.70
18.0 17.13 9.73 0.72
19.0 17.33 9.66 0.73
20.0 17.23 9.35 0.73
21.0 17.11 9.43 0.71
22.0 17.42 9.60 0.74
23.0 17.32 9.54 0.81
24.0 17.14 9.55 0.79
25.0 17.11 9.83 0.91
26.0 18.71 10.45 1.21
27.0 19.71 10.70 1.39
28.0 20.33 10.65 1.46
29.0 20.73 10.69 1.52
30.0 20.89 10.83 1.53
31.0 19.33 10.84 1.27
32.0 17.56 10.04 0.92
33.0 16.96 9.71 0.85
34.0 17.78 9.68 0.75
